Abstract: Chemical preparation, thermal behavior, kinetic and IR studies are given for the cyclotriphosphates 
Introduction
Bivalent cations cyclotriphosphates M II 3 (P 3 O 9 ) 2 .nH 2 O (M II = Ca, n = 10; M II = Ba, n = 6 and 4; M II = Sr, n =7; M II = Mn, n = 10; M II = Pb, n = 3; M II = Cd, n = 10 and 14) have been studied by their crystalline structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Thermal behaviors, kinetic and IR studies have not yet been investigated for M II 3 (P 3 O 9 ) 2 .nH 2 O (M II = Ba, n = 4; M II = Sr, n =7; M II = Pb, n = 3; M II = Cd, n = 14). The dehydration of these cyclotriphosphates leads generally to long-chain polyphosphates 13, 14 17 and humidity sensors 18 . The originality of the cyclotriphosphate Pb 3 (P 3 O 9 ) 2 .3H 2 O is that he's the only cyclotriphosphate crystallizing in the tetragonal system until now to our knowledge. The particularity of these two condensed phosphates is that in the formula type M
Results and Discussion Chemical Preparations
The synthesis of Pb 3 (P 3 O 9 ) 2 .3H 2 O powder consists in slowly mixing Pb(NO 3 ) 2 and Na 3 P 3 O 9 aqueous solutions with a 3:2 at room temperature. The chemical reaction is as follows 2Na 3 The so-obtained solution was then slowly evaporated at room temperature until polycrystalline samples of Cd 3 (P 3 O 9 ) 2 .14H 2 O were obtained. The cyclotriphosphoric acid used in this reaction was prepared from an aqueous solution of Na 3 P 3 O 9 passed through an ionexchange resin "Amberlite IR 120" 19 .
Crystal data, chemical analyses and dehydration. Pb 3 (P 3 O 9 ) 2 .3H 2 O is tetragonal P4 1 Fig. 3  and 4 . In the domain 4000-1600 cm -1 , the spectra (Fig. 3a, 4a) show bands which are attributed to the stretching and bending vibrations of water molecules. The stretching vibration bands of water molecules (ν OH ) are situated between 4000 and 3000 cm -1 . The bending vibration bands of water molecules (δ HOH ) exist between 1700 and 1600 cm -1 .Between 1340 and 660 cm -1 the spectra of Pb 3 (P 3 O 9 ) 2 .3H 2 O and Cd 3 (P 3 O 9 ) 2 .14H 2 O (Fig. 3a, 4a) show valency vibration bands characteristic of phosphates with ring anions P 3 O 9 3-20-23 . Among these bands we can distinguish : -The vibration bands of the (OPO) end groups at high frequencies: 1180 < ν as OPO < 1340 cm -1 and 1060 < ν s OPO < 1180 cm -1 ; -The valency vibrations of the (P-O-P) ring groups at : 960 < ν as POP < 1060 cm -1 and 660 < ν s POP < 960 cm -1 ; The valency vibrations of the (POP) ring groups in the spectra (Fig. 3a, 4a) (Fig. 3a, 4a) show bending vibration bands characteristic of phosphates with ring anions [20] [21] [22] [23] . The vibrations corresponding to the different observed bands are given in Table 2 . 12 which were determined by Xray diffraction is a good approximation which make the interpretation of the IR experimental spectra of the title compounds possible. In the IR spectra of this class of compounds analyzed on the basis of the crystalline unit-cell, one must expect to observe 6 frequencies per stretching vibrations in both IR and Raman domains. In all cases, the observed frequencies in the IR spectra do not exceed those predicted theoretically. The IR bands characteristic of a lowering of the symmetry of the P 3 O 9 cycle with respect to the symmetry C 3h observed around 680 cm . These frequencies are assigned to the simple modes A 1 of the C 3v symmetry. They characterize in IR a lowering of symmetry compared to the C 3h symmetry and are the most intense frequencies which one can expect in the Raman spectra of all the cyclotriphosphates no matter what the symmetry of their cycle P 3 O 9 is.
Step manner study (Fig. 1a, 2a) . The removal of water molecules of hydration of Pb 3 (P 3 O 9 ) 2 .3H 2 O observed in the temperature range 373-423K and Cd 3 (P 3 O 9 ) 2 .14H 2 O between 343-443, broke the crystalline networks and brings to intermediate amorphous phases 25 which do not diffract the X-ray (Fig. 1b) , nor exhibit the IR absorption bands characteristic of a cyclic phosphate P 3 O 9 3- (Fig. 2b ) [20] [21] [22] [23] 27 . The latter result is confirmed by chemical analyses, X-ray diffraction (Fig. 1c, 1d, 2c ) and IR absorption spectrometry (Fig. 3c, 3d, 4c ). In fact, the bands appearing in the IR absorption spectra of Pb 3 (P 3 O 9 ) 2 .3H 2 O and Cd 3 (P 3 O 9 ) 2 .14H 2 O (Fig. 3c, 3d, 4c) , characterize easily the structure of long-chain polyphosphates PO 3 -20,21 Fig. 3 and 4 . Between 1300 and 650 cm -1 , the spectra (Fig. 3d, 4c and 4d) show valency vibration bands characteristic of long-chain polyphosphates PO 3 -20-22 . Among these bands we can distinguish : -The vibration bands of the (OPO) end groups at high frequencies: 1200 < ν as OPO < 1300 cm -1 and 1100 < ν s OPO < 1170 cm -1 ; -The valency vibrations of the (P-O-P) chain groups at : 850 < ν as POP < 1050 cm -1 and 650 < ν s POP < 800 cm -1 ; -The valency vibrations of the (POP) chain groups are represented in the spectra (Fig. 3d, 4c  and 4d) -20-22 . By the examination of the position, the profile and the intensity of this band which doesn't appear in the IR spectra of the cyclotriphosphates P 3 O 9 3-and which is located generally between 850 cm -1 and 940 cm -1 , it is then possible to distinguish between cyclotriphosphate P 3 O 9 3-and long-chain polyphosphate PO 3 -20-22 . -Between 600 and 400 cm -1 the spectra (Fig. 3d, 4c and 4d) show bending vibration bands characteristic of long-chain polyphosphates [20] [21] [22] . The nature of the vibration corresponding to the different observed bands is given in Table 3 . Figure 6 . DTA curve of Pb 3 (P 3 O 9 ) 2 .3H 2 O at rising temperature (5K.min -1 ) Fig. 6 , which exhibits the differential thermal analysis (DTA) curve of Pb 3 (P 3 O 9 ) 2 .3H 2 O under atmospheric pressure and at a heating rate 5K.min -1 , reveals five endothermic effects and one exothermic. Four endothermic peaks, at 450K, 544K, 557K and 639K, are due to the departure of water molecules contained in the title compound. The first peak, well pronounced at 450K, corresponds to the loss of 0.22 water molecule. The second endothermic peak, dedoubled at 544K, the third at 557K and the fourth one at 639K are all due to the removal of 2.78 remaining water molecules. The exothermic peak at 516K is due to the crystallization of long-chain polyphosphate of lead. This crystallization is confirmed by X-ray diffraction and infrared spectrometry analyses. The last endothermic peak at 946K is due to the melting point of the long-chain polyphosphate [Pb(PO 3 ) 2 ] ∞ .
The differential scanning calorimetry, DSC, for Pb 3 (P 3 O 9 ) 2 .3H 2 O at rising temperature 5K.min -1 and under atmospheric pressure shows one exothermic peak at 520K and five endothermic peaks at 445K, 462K, 607K, 620K and 661K (Fig. 7) .
The five endothermic peaks correspond to the dehydration of Pb 3 (P 3 O 9 ) 2 .3H 2 O and are then due to the departure of water molecules. The only exothermic peak at 520K corresponds to the crystallization of long-chain polyphosphate of lead [Pb(PO 3 ) 2 ] ∞ according to the results of Cd 3 (P 3 O 9 ) 2 .14H 2 20,29 . In fact, in the results of M. H. Simont-Grange 29 and K. Sbai 20 , the IR band appearing at 913 cm -1 in the spectrum of Pb 3 (P 3 O 9 ) 2 .3H 2 O, characterize easily the structure of long chain polyphosphates. This result is confirmed in the DTA curve by an exothermic peak at 516K. The enthalpy variations of the six peaks described above in the DSC curve are gathered in the Fig. 8 . The initial mass is 20mg. The dehydration of the cyclotriphosphate tetradecahydrate of cadmium Cd 3 (P 3 O 9 ) 2 .14H 2 O occurs in three steps in three temperature ranges 345 -446K, 446 -586K and 586 -703K (Fig. 8) . In the thermogravimetric (ATG) curve (Fig. 8) , the first stage between 345 and 446K corresponds to the elimination of 11 water molecules, the second stage from 446 to 586K is due to the elimination of 2 water molecules and the third stage 586 -703K corresponds to the elimination of one water molecule. It is important to mention that the derivative of the ATG curve, DTG, of Cd 3 (P 3 O 9 ) 2 .14H 2 O under atmospheric pressure and at a heating rate 10 K min -1 (Fig. 8) contains only three peaks due to the dehydration of Cd 3 (P 3 O 9 ) 2 .14H 2 O. The first intensive peak in the domain 345 -446K, observed at 423K is due to the departure of 11 water molecules. The weak second peak in the domain 446 -586K, observed at 523K is due to the departure of 2 water molecules and The differential thermal analysis (DTA) curve of Cd 3 (P 3 O 9 ) 2 .14H 2 O (Fig. 9) , under atmospheric pressure and at a heating rate 10K.min -1 , reveals one exothermic peak and three endothermic effects. The exothermic peak at 707K is due to the crystallization of long-chain polyphosphate of cadmium form α. This crystallization, of α[Cd(PO 3 ) 2 ], is confirmed by Xray diffraction and infrared spectrometry analyses. The first endothermic peak intensive at 421K corresponds to the loss of 11 water molecules. The second endothermic peak at 1120K is due to the phase transition from α[Cd(PO 3 ) 2 ] to β[Cd(PO 3 ) 2 ] as proven by X-ray diffraction and infrared spectrometry analyses. The third endothermic peak at 1153K is rather related to the melting point of the long-chain polyphosphate β[Cd(PO 3 ) 2 ].
The differential scanning calorimetry (DSC) curve of Cd 3 (P 3 O 9 ) 2 .14H 2 O, under atmospheric pressure and at a heating rate 10 K.min -1 (Fig. 9) , shows three endothermic peaks at 419K, 503K and 682K. All of these peaks correspond to the dehydration of Cd 3 (P 3 O 9 ) 2 .14H 2 O. The enthalpy variations of the three peaks described above in the DSC curve are gathered in the Table 5 . concerning the dehydration of Cd 3 (P 3 O 9 ) 2 .14H 2 O, we have the same temperatures for the endothermic peaks at 421K for the DTA curve and 419K for DSC curve (Fig. 10) . 34 methods. Especially, the Ozawa and KAS equations were well described and widely used in the literature; therefore, these methods are selected in studying the kinetics of thermal dehydration of the title compounds. So, water loss kinetic parameters were evaluated using the Kissinger-Akahira-Sunose (KAS) 31 and Ozawa 32 methods, from the curves ln(v/T² m ) = f(1/Tm) and ln(v) = f(1/T m ) (Fig. 11, 12, 13 and 14) ,where v is the heating rate and T m the sample temperature at the thermal effect maximum. The characteristic temperatures at maximum dehydration rates, T m , for the cyclotriphosphates Pb 3 (P 3 O 9 ) 2 .3H 2 O and Cd 3 (P 3 O 9 ) 2 .14H 2 O are shown in Table 6 . The enthalpy variations were provided by the DSC apparatus. Table 6 Characteristic temperatures at maximum dehydration rates, T m in K, at different heating rates from the DTA curves of Pb 3 (P 3 O 9 ) 2 .3H 2 O and Cd 3 (P 3 O 9 ) 2 .14H 2 O From these temperatures and according to the Kissinger-Akahira-Sunose (KAS) 31 and Ozawa 32 methods, the apparent activation energies of dehydration were calculated for the cyclotriphosphates Pb 3 (P 3 O 9 ) 2 .3H 2 O and Cd 3 (P 3 O 9 ) 2 .14H 2 O ( Table 7) . For the KissingerAkahira-Sunose (KAS) 31 method, the slope of the resulting straight line of the curve: ln(v/T²m) = f(1/Tm) ( Fig. 11 and 13) , equals to -Ea/R, allows the apparent activation energy to be calculated ( Table 7) . Concerning the Ozawa 32 method, the slope of the resulting straight line on the curve: ln(v) = f(1/Tm) ( Fig. 12 and 14) , equals to -1.0516E/R, allows also the apparent activation energy ( Table 7) The pre-exponential factor or Arrhenius constant (A) can be calculated from both KAS 30 and Ozawa 32 methods. The related thermodynamic functions can be calculated by using the activated complex theory (transition state) of Eyring [35] [36] [37] . The following general equation can be written 36 :
where e is the Neper number (e = 2.7183), χ is the transition factor, which is unity for the monomolecular reaction, k B is the Boltzmann constant ( k B = 1.3806 × 10 -23 J.K -1 ), h is Plank's constant ( h = 6.6261 × 10 -34 J.s), Tm is the peak temperature of the DTA curve, R is the gas constant (R = 8.314 J.K -1 .mol -1 ) and ΔS* is the entropy change of transition state complex or entropy of activation. Thus, the entropy of activation may be calculated as follows:
The enthalpy change of transition state complex or heat of activation (ΔH*) and Gibbs free energy of activation (ΔG*) of dehydration were calculated according to Eqs. (5) and (6), respectively: ΔH* = E* -RT
ΔG* = ΔH * -ΔS*T m (6) Where, E* is the activation energy Ea of both KAS 31 and Ozawa 32 methods. The values of the activation energies are gathered in Table 7 . Thermodynamic functions were calculated from Eqs. (4), (5) and (6) and summarized in Table 8 . The negative values of ΔS* from two methods for the dehydration step reveals that the activated state is less disordered compared to the initial state. These ΔS* values suggest a large number of degrees of freedom due to rotation which may be interpreted as a « slow » stage 37-39 in this step. The positive values of ΔG* at all studied methods are due to the fact that, the dehydration processes are not spontaneous. The positivity of ΔG* is controlled by a small activation entropy and a large positive activation enthalpy according to the Eq. 6. The endothermic peaks in DTA data agree well with the positive sign of the activation enthalpy (ΔH*). The estimated thermodynamic functions ΔS* and ΔG* (Table 8) from two methods are different to some extent due to the different pre-exponential factor of about 10 6 or 10 7 . While ΔH* ( Table 8 ) exhibits an independent behavior on the pre-exponential factor as seen from exhibiting nearly the same value. 16 . These results are gathered in Table 9 . 
Experimental Section
X-ray diffraction.
Powder diffraction patterns were registered with a Siemens Chemical analyses diffractometer type D5000 using CuKλ radiation (λ = 1.5406Å). Chemical analyses were performed on a spectrophotometer of atomic absorption type VARIAN AA-475. Infrared spectroscopy. Spectra were recorded in the range 4000-400 cm -1 with a Perkin-Elmer IR 983G spectrophotometer, using samples dispersed in spectroscopically pure KBr pellets and in the range 600-30 cm-1 with Bruker IFS66V/S spectrophotometer. Thermal analyses. TGA-DTA coupled were performed using the multimodule 92 Setaram analyzer operating from room temperature up to 1673K, in a platinum crucible and in atmospheric pressure with sample mass: 20.00mg, at various heating rates from 1 to 15K/min. Differential scanning calorimetry (DSC) was carried out with a Setaram DSC 92 apparatus, in a platinum crucible and in atmospheric pressure with sample mass: 20.00mg.
